Abstract. We have performed calculations to assess the phase shifts and efficiency of an adiabatic transfer process using orthogonal linearly and circularly polarized laser beams of the same frequency. By using this type of adiabatic transfer as the 'optical' elements of an atom interferometer, atoms can be kept in a magnetically insensitive state for the majority of the time, thus reducing the phase shifts associated with magnetic fields. We have looked at the effect of different pulse shapes, family momenta and the relative peak intensities of the laser beams. We find that the best compromise between transfer efficiency and accumulated phase shift occurs when the linearly polarized laser beam has a lower peak intensity than that of the circular beam.
Introduction
The coherent transfer of momentum from an optical field to an atomic system has been an area of intense interest in the last few years. One set of techniques which have shown particular promise are those using adiabatic transfer with delayed pulses [1] [2] [3] [4] [5] . In these schemes an atom interacts with two optical fields whose intensities and polarizations are configured so that the atom is in a dark state, i.e. a superposition of ground states which has no probability of making a transition to an excited state. If the intensities of the two beams are changed slowly enough that the atomic superposition can follow the changing optical fields adiabatically, then the atom is transferred from one dark state superposition to another. For fields propagating in different directions, the exchange of photons from one beam to the other via the atom is accompanied by a corresponding change in the atomic momentum. However, if the intensities of the beams are changed faster than the rate at which the atomic state can change adiabatically, the atom will no longer be able to remain in the dark-state superposition and will become excited, losing coherence via spontaneous emission. This will also reduce the efficiency of the adiabatic transfer process since the dark state is a coherent superposition of magnetic substates.
The condition necessary to maintain adiabaticity [6] is fulfilled when the rate of change of the eigenstates of the time-dependent Hamiltonian is much less than the frequency splitting between neighbouring states. For an F = 1 to F = 1 transition interacting with an adiabatic transfer pulse of length T , it can be shown that for the adiabatic condition to be maintained the following equation must be satisfied [7] :
where eff = 1 (t) 2 + 2 (t) 2 (2) and
Note that 1 (t) and 2 (t) are the Rabi frequencies of the two laser beams used for the adiabatic transfer. Substituting these relations in (1) giveṡ
We see thatθ depends not only upon the magnitude of the Rabi frequencies of the two beams, but also on their rate of change. Thus, the way these functions evolve during an adiabatic transfer pulse affects both the transfer efficiency and the amount of phase accumulated by the atoms. In many instances it is desirable to reduce the length of the light pulses used for the adiabatic transfer as much as possible. For example, in alkali atoms, the interaction of the light with off-resonant transitions induces phase shifts of the ground states. Analytic investigations of the effect of pulse shape were made by Hioe et al [8] , where the transfer conditions were examined with the aim of finding a regime for the most efficient transfer of population. The work of Weitz et al [9] has examined the effect of pulse shape on the adiabatic transfer efficiency and accumulated phase shift in a three-level system. In the calculations presented here, our main goal is to find the conditions that are most suited to atom interferometry, where the accumulated atomic phase is just as important as the overall efficiency of the transfer. In order to make a realistic model of our atomic system, factors such as the off-resonant interaction with other excited states and the different kinetic energies of the ground substates must be considered. Our study is related to the proposal of Featonby et al [5] for an atom interferometer built around adiabatic transfer in the F = 4 to F = 4 components of the D1 line of caesium, using π and σ + polarized light. To simplify the interpretation of the results, we also present calculations for simpler transitions which use the same physical properties as caesium but which do not exist in this particular alkali. The effects of unequal peak Rabi frequencies on the efficiencies and phase shifts are examined, as are the phase shifts introduced by the kinetic energies associated with the different magnetic substates.
Interferometer design
The coherent nature of adiabatic transfer makes it an ideal tool for the manipulation of atoms in an atomic interferometer. Several different configurations for the polarization and frequencies of the light beams have been either proposed or demonstrated [1, 2, 4] , with the most widely encountered example being that of two counterpropagating circularly polarized beams of equal frequency [3] . This situation is straightforward to produce experimentally, but, unfortunately, is unsuited to atom interferometry because of the sensitivity of the dark states to magnetic fields. However, application of linearly and circularly polarized beams propagating so that the polarization of the linear light is in the same direction as the circularly polarized beam, allows transfers to be performed between the m f = 0 and outer magnetic substates. The use of a magnetically insensitive m f = 0 state as the starting point for the transfer has advantages in atomic interferometry where phase shifts introduced by magnetic fields need to be minimized.
In caesium, the σ + π light configuration allows the atomic population to be transferred between the m f = 0 and the m f = +4 states of the F = 4 ground state. One could, in theory, use this transfer process alone to manipulate atoms in an interferometer. However, if beamsplitters and mirrors were constructed using this method, this would lead to significant lengths of time being spent by the atoms in the m f = +4 state which is magnetically sensitive. This can be overcome by transferring atoms from the m f = 0 to the m f = +4 state and then immediately transferring them back to the m f = 0 state so that during the travel between the vertices of the interferometer the atoms are not sensitive to magnetic fields. However, before this configuration can be used for atom interferometry several problems must be addressed.
The first of these is the fact that transferring the atoms to m f = +4 and back imparts no momentum. However, by transferring the atoms from the m f = 0 state to the m f = +4 state and then reversing at least one of the beam directions between the first and second transfer, the atoms gain extra momentum rather than losing that acquired in the first transfer.
The second obstacle in using this double pulse adiabatic transfer technique to perform interferometry, involves the construction of an atomic beamsplitter. One possibility is to partially perform an adiabatic transfer so that a superposition of states with different momenta is created. For an F = 4 state this produces a superposition of five different momentum states, four of which will be magnetically sensitive. As an alternative, if the atoms are prepared in the F = 4, m f = 0 ground state, then a resonant π/2 microwave pulse tuned between the F = 3 and F = 4 ground levels may be used to coherently split the population between the respective m f = 0 states, just as in a caesium atomic clock. If the light used for the adiabatic transfer is tuned to the F = 4 to F = 4 transition then it will only interact with the part of the atom in the F = 4 ground state.
At this point it is worth comparing our interferometer design with that of Weitz et al [4] . Although our interferometer is more sensitive to magnetic fields, it has the advantage that only a single frequency is required to drive the transfer process. This, in turn, means that it is easier to have the light beams free from relative phase jitter, since there will be very few non-common optical elements. Thus, our interferometer should be less susceptible to vibrations. On the other hand, the lack of an ability to change the relative frequencies of our transfer beams makes it harder for us to compensate for the change in the atomic momentum if multiple transfers are to be performed.
One can imagine an interferometer based on our method being constructed in a very similar manner to a caesium atomic fountain frequency standard. Atoms prepared in the F = 4, m f = 0 state are launched upwards through a microwave cavity where they experience a π/2 microwave pulse which forms a coherent superposition between the F = 3 and F = 4 levels. As they continue to rise the part of the atom in the F = 4 state experiences a double adiabatic transfer pulse which imparts momentum. A second double pulse, some small time later, is used to transfer the same amount of momentum in the opposite direction so that the F = 4 wave is travelling parallel to that of the F = 3 state. When the part of the atom in the F = 4 state returns from the top of its trajectory it experiences two more double adiabatic transfer pulses which are used to impart the momentum necessary to return the atom wave to the same momentum and position state as the F = 3 wavefunction. A final π/2 microwave pulse is then used to recombine the wavefunctions. A schematic of the interferometer is shown in figure 1 .
The relative phase between the two parts of the atomic wavepacket accumulated in the interferometer will determine the populations in the F = 3 and F = 4 states after the second microwave pulse. No phase difference leads to all of the population being transferred to the F = 3 state, whereas a phase shift of π will lead to it being found in F = 4. Thus, changing Figure 1 . Schematic representation of the σ + π interferometer. In (a), atoms are launched through a microwave cavity where they experience a π/2 pulse which forms a coherent superposition between the m f = 0 states of the F = 3 and F = 4 ground levels. Adiabatic transfer pulses then spatially separate the two wavepackets as they move upwards. In (b), the atom waves are brought together with two more sets of adiabatic transfer pulses as they move downwards. A recombination π/2 microwave pulse completes the interferometer. The pulse geometry is shown in (c). The σ + beam propagates along the z axis for the first half of the pulse. It is then reversed so that a net transfer of z momentum is made. The π beam is maintained in the x direction throughout.
the phase in the interferometer creates the possibility of observing interference fringes if the population of one of these states is monitored. Again this is similar to a caesium atomic clock except that the paths of the two different states are spatially separated.
Method
In order to calculate the transfer efficiency and the accumulated phase shift of the adiabatic transfer process, we numerically integrate the Schrödinger equation:
where ψ(t) is the atomic wavefunction and H eff (t) is the non-Hermitian Hamiltonian [10] [11] [12] :
H at is the atomic Hamiltonian and V AL is the laser-atom interaction. The dissipative term represents the coupling of the atom to the vacuum field and is given by
For simplicity the atomic model is restricted to that of a three-level atom, where the ground level is denoted by |g and the excited levels are represented by |e and |e . The total angular momenta of these states are F g , F e and F e , respectively. In this paper we only consider F g = F e = F and F e = F − 1, as this corresponds to the situation encountered in the D1 lines of alkali atoms. The excited-state hyperfine splitting for the D1 is much larger than in the D2, so the effects of off-resonant transitions are reduced. The ground-state hyperfine splitting is large enough that the interaction of the light with the other ground state can be neglected. The general properties of the transitions used in the calculations, such as lifetimes, Rabi frequencies and frequency splittings, are modelled on the caesium D1 line.
The atomic Hamiltonian is given by
withP the atomic momentum operator and ω 0 and ω 1 the resonance frequencies of the transitions |g → |e and |g → |e , respectively. The atom-laser interaction V AL can be written in the rotating-wave and dipole approximations as
where d + and d − are the raising and lowering parts of the atomic dipole operator, and E + (t) and E − (t) are the positive and negative frequency components of the laser electric field. In the situation discussed here we have
where E σ (t) and E π (t) are the respective electric field intensities, k is the wavevector amplitude of both laser beams, and E σ and E π are unit polarization vectors. The adiabatic transfer is made by applying a pulse of light, containing two different laser beams, for a time 2T . One of the beams propagates along the positive z-axis with σ + polarization, while the other is π polarized such that its electric field vector is along the z-axis. The σ + polarized beam travels in the positive z direction for the first half of the pulse, before reversing direction in the second half, for the reasons outlined in the previous section. The frequency of the light, ω L , is chosen to be resonant with the |g to |e transition.
The Rabi frequency associated with each beam is given by
with d the reduced dipole moment for the atomic transition, and C the relevant ClebschGordan coefficient in the |g to |e transition. In order to realize an adiabatic transfer these Rabi frequencies are given the following time dependence:
where g σ (t) and g π (t) represent pulse shapes, which fulfil the following conditions:
It is also necessary that these functions change monotonically within the intervals [0, T ] and [T , 2T ]. Taking the effective Rabi frequency eff of (2) with 1 = π and 2 = σ , we set the effective Rabi frequency to a value of 2.8 , where is approximately 5 MHz. We now examine adiabatic transfer for the simplest case considered in this paper, the F = 1 to F = 1 transition. For the stimulated emission and absorption of photons, the σ + π laser configuration will couple the states
during the time interval [0, T ], and
Here we introduce the concept of a family momentum [14] , p, associated with a particular closed subset of states. Provided the process remains coherent and spontaneous emission is absent, there is no coupling between states of different family momenta. The dark state of the system is given in the two time intervals by
where eff is defined in (2), and (16) and (17) refer to the intervals [0, T ] and [T , 2T ], respectively. Finally, we look at how the phase shift and transfer efficiency are calculated explicitly. The non-Hermitian Hamiltonian H diss leads to the possibility of a photon being spontaneously emitted during a transfer pulse [11] [12] [13] . Each spontaneous photon corresponds to a loss of population from the dark state, since the observation of a single spontaneous emission implies the destruction of the coherent dark state superposition. This is true so long as the interaction between the dark state and the states coupled to the field occurs at a rate which is much smaller than the rate of spontaneous emission and optical pumping. Thus if |ψ(t)| 2 is the probability of not observing a spontaneous emission during the time interval [0, t], and |ψ(0)| 2 = 1, then |ψ(2T )| 2 gives both the probability of not having any spontaneous emission during the pulse and also the transfer efficiency. The accumulated phase shift is found by taking the difference in complex phase between the final and initial dark states. Thus, if the final dark state is given by
then φ will be the accumulated phase shift.
Results
In performing interferometry experiments, the accumulated phase must be stable and controllable. It is also vital to have an efficient transfer in order to achieve good contrast in the final interference pattern. We present the results of calculations of each of these quantities for an adiabatic transfer corresponding to the double pulse described in section 2.
For three different values for the total angular momentum of the ground state, we calculate the effect of different pulse shapes, family momenta and peak Rabi frequencies. It will be seen in the following results that all of these parameters have significant effects on the phase shift and efficiency of the adiabatic transfer. It will also become apparent that in general there is a trade off between these quantities. Thus there are no optimum sets of conditions for interferometry which will produce both the smallest phase shift and the largest efficiency. 
Adiabatic transfer for an F g = 1 to F e = 1 transition
Initial calculations were performed for a system with F g = F e = 1 and F e = 0, using the three different pulse shapes shown in figure 2 . Taking a family momentum of p = −hkz +
2h
kx, we compare some of the different pulse shapes that can be used for the adiabatic transfer. In figure 3 we can see that the highest efficiency and lowest phase shift occur for the transfer made using the linearly shaped pulse and that the 'S' pulse produces the worst results. Qualitatively, there are a number of factors that lead to the different results. The pulse shape must satisfy the adiabatic condition given in (1). The better this condition is satisfied, the more efficient one would expect a transfer to be. However, once the condition is satisfied well only small differences should exist between the pulses. This is what we should find at long pulse lengths. Unfortunately, the off-resonant interaction with the lower excited state causes a loss in the dark-state population. This explains why the efficiency starts to decrease for longer pulse durations.
The accumulated phase varies considerably between the different pulse shapes for more subtle reasons. The phase arises from the non-degeneracy of the different m f states, caused by the Doppler, recoil and light shifts. Qualitatively one can consider that since the atoms can spend different amounts of time in each of the m f states for the various pulses, the total phase shift must depend upon the pulse shape.
In figure 3 we also contrast two choices of family momentum for a cosinusoidal pulse shape. It can be seen that a family momentum of p = −hkz leads to a smaller phase shift than when p = −hkz + non-degeneracy between the states of (14) and (15). When p = −hkz, the minimum nondegeneracy and thus the minimum accumulated phase are obtained. The small difference between the efficiency curves is due to the similarity of the family momenta. A larger range of family momentum values would show that adiabatic transfer is a velocity selective process.
Adiabatic transfer for an F g = F e = 2 transition
We now consider F g = F e = 2 with F e = 1. The results shown in figure 4 indicate how the transfer efficiency and accumulated phase shift change for the different pulse shapes. We observe considerable differences compared to the F g = F e = 1, F e = 0 case, particularly in the magnitude of the phase shifts and the reduction in transfer efficiency for short pulse lengths. The phase shifts are larger because for this case it is impossible to have all of the levels degenerate. We note that each pulse shape produces roughly the same functional form for the efficiency and phase shift that was seen in the F = 1 to F = 1 example.
For the current situation we choose the family momentum to be p = −2hkz, in order to have |g, m f = 0, p and |g, m f = 0, p + 4hkz degenerate with respect to the atomic Hamiltonian. The calculations for the two different family momenta seen in figure 4 verify that this is the best case.
Since the Clebsch-Gordan coefficients of the transitions involved in the adiabatic transfer are different, the Rabi frequencies associated with each transition are also different (see figure 5 ). Changing the relative amplitudes of the electric fields may therefore change the efficiency of the transfer and the accumulated phase shift. In the results presented here, the total electric field amplitude E was kept constant and the individual electric fields changed subject to |E| = |E σ | 2 + |E π | 2 . E σ and E π are the peak electric field amplitudes of the σ + and π light, respectively. The results presented in figure 6 show an obvious dependence on the ratio of the peak electric fields. The optimum transfer efficiency can be seen to occur for a wide range of peak electric field ratios. In this particular situation the phase shifts display a stronger dependence on the ratio of electric fields and indicate that a lower value of E π /|E| would be most suited to interferometry. 
Adiabatic transfer for an F g = F e = 4 transition
We now examine the situation where F g = F e = 4, F e = 3. This is based on F = 4, 6 2 S 1/2 , F = 4, 6 2 P 1/2 and F = 3, 6 2 P 1/2 levels in caesium. Calculations were again performed to assess the effect of pulse shape and relative electric field strength. Figure 7 shows the results of transfers with different pulse shapes. Comparing this to figure 4 we find the main difference to be the significant reduction in efficiency because of the lack of degeneracy in the m f states. Again the linearly shaped pulse provides the best adiabatic transfer for the interferometer. It is also clear from figure 7 that the best family momentum is p = −4hkz.
Considering the variation of transfer efficiency and phase shift with respect to the changing peak electric field amplitudes, figure 8 can be seen to be similar to that of the F g = F e = 2 case. The main features can be explained in the same way as those of figure 6 and it is worth noting that the maximum transfer efficiency occurs for an electric field ratio E π /|E| ranging between 0.6 and 0.8. Again we expect that the most efficient transfer should occur when there is a small variation between the various peak Rabi frequencies, as this produces the best fulfilment of the adiabatic condition. Consideration of the size of the phase shifts would indicate that a ratio of fields nearer to 0.4 would be the best compromise for interferometry.
Conclusions
In this paper we have described a new design for an atom interferometer based on adiabatic transfer with a σ + π polarization configuration. This process allows us to construct an interferometer where atoms spend the majority of their time in a magnetically insensitive m f = 0 state. Thus, magnetic fields play a much smaller role in determining the overall phase shift and efficiency of the interferometer. Other effects, such as the light shift from other excited levels and the non-degeneracy of the substates with respect to the kinetic energy operator, introduce further phase shifts and an overall reduction in the efficiency of the transfer process. The calculations we have presented show that a number of parameters have a role to play in determining these quantities. In particular, the shape of the light pulses and the choice of family momentum are significant. In general, the linear shape produced the best results, with the smallest overall phase shift and the largest transfer efficiency. Similarly, the family momentum which made the dark state components as degenerate as possible, produced the most favourable results. The other main parameter we have looked at in the calculations is the relative intensities of the two laser beams. We have found that the transfer efficiency is relatively insensitive to the peak electric field ratio, in direct contrast to the strong dependence displayed by the accumulated phase shift to this parameter. The results we have presented indicate that the best conditions for interferometry should be obtained when the peak electric field of the linearly polarized beam is less than the peak circular electric field. Finally, we note that the size of the efficiencies and phase shifts we have calculated, do not impair the experimental feasibility of our interferometer design.
